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Abstract 
 
LeBoeuf, Katharine A., Holocene Vegetation, Hydrology, and Fire in the North-Central 
Adirondacks of New York. M.S. Thesis, Earth and Environmental Science Department, 
Lehigh University, April 2014. 
 The!Adirondack!region!of!New!York!has!an!estimated!81,000!hectares!of!old<growth!forest!embedded!in!a!matrix!of!wetlands!and!second<growth!forest.!Few!paleoecological!records!exist!in!the!region,!although!records!from!adjacent!regions!indicate!that!there!were!several!times!of!abrupt!vegetation!change!during!the!mid!and!late!Holocene,!and!the!causes!of!these!events!are!poorly!understood.!To!better!understand!how!Adirondack!forests!have!responded!to!past!changes!in!climate!and!disturbance!regimes,!I!developed!coupled!records!of!Holocene!fire,!forest!vegetation,!and!moisture!variability!using!the!sediments!of!Bloomingdale!Bog!in!northern!New!York.!!My primary objectives were to 1) develop a 
high resolution Holocene record of forest vegetation, drought, and fire for the region, and 
2) assess the potential causes of abrupt regional forest vegetation change at 500-600 and 
5000 years BP.  
Consistent with other areas of the Northeast, results indicate that the two largest changes 
in forest vegetation, prior to land clearance, occurred ~550 and 5000 years BP.  
Comparison of drought, fire, and vegetation records revealed that vegetation changes at 
550 year BP were likely driven by drought and fire.  The decline of mesic species like 
Fagus grandifolia was widespread at this time as pollen records from elsewhere in the 
Northeast also document similar changes.  Post-fire succession did not return the forest to 
its previous structure, and the compositional changes persisted until European land 
clearance.  Vegetation changes 5000 years ago were characterized by the well-
documented, range-wide decline in Tsuga canadensis (hemlock) in eastern North 
America.  Comparison of drought, fire, and vegetation records revealed that the decline 
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of hemlock was well underway prior to the occurrence of a large drought, and fires 
occurred shortly after the vegetation change and drought.  Patterns are not consistent with 
drought as the sole or initial cause for the hemlock decline, and suggest that a pathogen 
or some other factor was responsible for the decline; however, drought may have 
suppressed recovery of hemlock populations after their abrupt decline.  Fire and drought 
have not been primary drivers of large-scale forest change during the past century in the 
Adirondacks, and the long-term perspectives provided by this study highlight the 
potential vulnerability of the region to future changes in drought and disturbance regimes.    
 
Introduction 
 
Warming temperatures, enhanced climate variability, and increasing frequency of 
extreme events are expected to occur over the next century as a result of climate change 
(Hansen et al., 2012; Cubasch et al., 2013).  Anticipating how forest ecosystems will 
respond to these changes is an active area of investigation (Scheffer et al., 2001; Delcourt 
and Delcourt, 1998; Lindbladh et al., 2013; Parmesan et al., 2013).  Much recent effort 
has been focused on outlining general approaches to climate-change adaptation and 
prediction (Dietl and Flessa, 2011; Gillson et al., 2012; Graham, 1988; Rick and 
Lockwood, 2012), and critical to these approaches is the integration of model 
simulations, long-term monitoring, ecophysiological data, and long-term perspectives on 
the climate sensitivity of habitats and ecosystems (Brooke, 2008; Jackson and Hobbs, 
2009).  In the Adirondacks region of New York, there is presently much interest in 
developing climate-change adaptation strategies and better anticipating potential future 
changes across this vast and valuable forested ecosystem (Jenkins, 2010; Didier et al., 
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2009; Glennon and Didier, 2010). However, very little paleoecological information exists 
to provide long-term context for these efforts.  Furthermore, no research has carefully 
examined how abrupt climatic events, such as droughts and fires, have affected forest 
vegetation in the region during the past several thousand years. Such long-term 
perspectives are critical to evaluating ecosystem sensitivity to climate variability.   
Historically the Adirondacks region has been a high priority for conservation 
efforts.  The region was mostly bypassed by early European development until the 1800s, 
when much of the white pine (Pinus strobus) and hemlock (Tsuga canadensis) trees were 
cut down for economic gain because of the high value of pine lumber and hemlock 
tannins (McMartin, 1992; McMartin, 1994; Adirondack Ecological Center, 2013; NYC 
Adirondack Park Agency, 2003).  In addition to the lumber and tanning industries, the 
paper industry used spruce and fir, and the charcoal industry used wood from many tree 
types (NYC Adirondack Park Agency, 2003; McMartin, 1994).  The destruction of 
Adirondack forests became very apparent by the middle to late 1800s, and led to changes 
in a range of ecosystem services (Graham, 1985; Niering, 1998). For examples, the loss 
of trees reduced the soil’s ability to hold water, increased rates of topsoil erosion, and led 
to more frequent flooding events (NYC Adirondack Park Agency, 2003; McMartin 1992; 
McMartin 1994).  Efforts for protection of Adirondack ecosystems began in 1885 when 
the region became a Forest Preserve.  In 1892 the region became the Adirondack Park, 
and constitutional protection occurred in 1895 when the land ethic “Forever Wild” was 
established.  Conservation efforts have been devoted to the Adirondacks since that time 
(NYC Park Agency, 2003; Graham, 1984). With so many conservation efforts in the 
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Adirondacks, very little is known about what role fires have played in forest dynamics 
with a long term perspective.  
The 2.5-million hectare region of the Adirondacks captures the transition between 
two distinct biomes, eastern deciduous and boreal forest, and contains a large elevational 
gradient (37-1629 meters).  This environmental heterogeneity provides habitat for a high 
diversity of flora and fauna (Jenkins, 2010). An estimated 81,000 hectares of old-growth 
forest occur in the region, the largest density east of the Mississippi, and these forests are 
embedded in a matrix of wetlands and second-growth forest. These ecosystems provide a 
range of services to the surrounding region, including carbon storage, lumber, clean 
water, and recreational opportunities (Jenkins, 2010).  How this region and its species and 
ecosystems will respond to climate changes in the coming century is currently of great 
interest and concern (Jenkins, 2010). 
Although there are a few low-resolution pollen records that provide a perspective 
on millennial-scale patterns of postglacial vegetation change in the Adirondacks 
(Overpeck, 1985; Jackson and Whitehead, 1991), the density of pollen records is very 
low in comparison to adjacent regions.  The early Holocene of the south-central 
Adirondacks were characterized by forests of spruce (Picea) and fir (Abies) (Overpeck, 
1985), until about 7800 years BP when pine, birch (Betula), and oak (Quercus) became 
dominant. Hemlock (Tsuga canadensis) populations expanded in the region around 7800 
years BP. Birch, pine, and beech (Fagus grandifolia) all became common in the mid-
Holocene. The pre-settlement forest composition developed after about 2500 years BP.  
However, knowledge of forest history at submillenial timescales is lacking from the 
region, and work from surrounding regions indicate that several abrupt vegetation 
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changes occurred during the Holocene, although the underlying drivers of these changes 
are not well understood. 
For example, elsewhere in eastern North America there were widespread and 
rapid changes in vegetation during the mid and late Holocene (Shuman et al., 2002; 
Williams et al., 2001; Willard et al., 2005; Webb et al., 2003).  One such event was the 
mid-Holocene hemlock decline which was characterized by an abrupt decline in hemlock 
populations across the entire range of the species, an area encompassing half a million 
square kilometers (Davis, 1981).  Low abundance of hemlock on the landscape persisted 
for several thousand years.  Although originally attributed as a response to climate 
(Deevey, 1939), the event was later attributed to a pathogen by Davis (1981).  
Subsequent studies have implicated climate change, particularly drought, perhaps in 
combination with a pathogen (e.g., Yu et al., 1997; Haas and McAndrews, 2000; Foster et 
al., 2006; Shuman et al. 2009); however, many questions regarding the timing of the 
event and the cause still remain (Booth et al, 2012b).  For example, direct comparison of 
high resolution records of drought and vegetation have recently suggested that the onset 
of drought occurred after the hemlock decline was already well underway (Booth et al., 
2012b) Furthermore, the assumption that the hemlock decline was regionally 
synchronous may not be correct (Booth et al., 2012b; Shuman et al., 2009).  Robust 
sediment chronologies that include uncertainty estimates, coupled with comparative, 
high-resolution studies of both climate and vegetation are needed to better understand the 
dynamics and causes of the mid-Holocene hemlock decline. 
The late Holocene of the Northeast also contains examples of abrupt vegetation 
changes, particularly around 500-600 years BP, when populations of beech and other 
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mesic species declined in portions of New England (Fuller et al., 1998; Foster et al., 
1998; Shuman et al., 2004).  Changes at this time were likely the largest of the past 
several thousand years, excluding those associated with European land clearance (Fuller 
et al., 1998).  Temperature changes, drought, and fire have all been proposed as potential 
causes of these changes (Fuller et al., 1998; Clifford and Booth, 2013).  However, 
differentiating among these hypotheses requires independent records of fire, climate, and 
vegetation.  For example, comparison of upland pollen records and peatland 
paleohydrology, ideally within the same sediment core so that relative timing can be 
directly compared, has proved useful in assessing the influence of climate variability on 
forest community composition and disturbance regimes (Booth et al., 2012a,b; Clifford 
and Booth, 2013), and may provide important perspectives on the abrupt vegetation 
changes in the Northeast at this time.  
To assess how moisture and fire variability have affected vegetation composition 
during the Holocene of the north-central region of the Adirondacks, I developed the first 
high-resolution record of Holocene vegetation, drought, and fire variability from the 
region. My specific objectives were to 1) develop a high resolution Holocene record of 
forest vegetation, drought, and fire for the region, 2) use my records in conjunction with 
previous studies in the Northeast to assess the potential cause of abrupt forest vegetation 
change at 500-600 and 5000 years BP, and 3) based on my results, evaluate the potential 
sensitivity and vulnerability of forests in the region to ongoing and future climate change.  
To fulfill these objectives, I applied paleohydrological and paleoecological techniques to 
a peat core collected from Bloomingdale Bog (Figure 1). Upland vegetation composition 
was inferred through pollen analysis, fires were inferred using microscopic and 
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macroscopic charcoal, and the hydrologic history of the site was inferred using testate 
amoebae preserved in the core.  A chronology for the record was developed using 
standard approaches (e.g., 14C dating, pollen markers) coupled with the identification of 
known microtephra deposits.  All analyses were performed on the same sediment core to 
facilitate the comparison of the relative timing of climate, fire, and vegetation changes.  
 
Site Description 
 Bloomingdale Bog (44°22'55.67"N, 74°8'20.77"W) is located in the north-central 
Adirondacks, about 10 km north of the town of Saranac Lake (Figure 1).  The peatland is 
a raised bog (Glaser, 1992) and receives all moisture and nutrients directly through 
precipitation (Charman, 2002). Vegetation of the bog is dominated by Sphagnum moss 
and ericaceous shrubs, with widely scattered tamarack (Larix laricina) and black spruce 
(Picea mariana) trees on the bog surface.  Upland coniferous trees in the surrounding 
region are dominated by white pine (Pinus strobus), hemlock (Tsuga canadensis), balsam 
fir (Abies balsamea), and red spruce (Picea rubens) (Petrides and Wehr, 1988; 
Adirondack Ecological Center, 2013).  Deciduous trees include paper birch (Betula 
papyrifera), yellow birch (Betula alleghaniensis), beech (Fagus grandifolia), red maple 
(Acer rubrum), and sugar maple (Acer saccharum) (Petrides and Wehr, 1988; 
Adirondack Ecological Center, 2013). 
 Bloomingdale Bog is part of northern New York’s US climate division 3 (ESRL, 
2014).  Climate divisions are regions within states that are thought to be climatically 
uniform, and instrumental records of temperature and precipitation are averaged for these 
areas.  Data was obtained through the Earth System Research Laboratory Physical 
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Sciences Division (ESRL) of the National Oceanic and Atmospheric Administration 
(NOAA) via the Internet (http://www.esrl.gov), and reveal that the region has an annual 
average temperature of 5.4° C, an average January temperature of -8.7°C and an average 
June temperature of 16.0°C (ESRL, 2014).  The average annual precipitation for this time 
period is 118 cm.  Distribution of precipitation is relatively uniform during the year, with 
somewhat less in the winter months (Figure 1B). 
The bog itself has had a number of disturbances since European land clearance, 
and these disturbances likely affected the bog hydrology during the past century.  For 
example, a railroad was built across the bog in the 1890s and although tracks were 
removed in 1962 (Carey, 2008), a narrow ridge, which now serves as a biking trail, still 
traverses the bog.  The ridge and railroad probably significantly affect hydrological flow 
patterns.  Furthermore, in one area of the bog, agriculture was attempted early in the 
1900s, and surface vegetation is still altered in this area even though farming was 
abandoned (Figure 1). 
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Figure 1. A) Map of New York State with the Adirondack State Park shaded.  The 
location of the core from Bloomingdale Bog (44°22'55.67"N, 74° 8'20.77"W) is shown 
by a circular marker on both the map and the aerial photograph (Google Earth).  B) 
Climate diagram showing the 30-year monthly climate averages of precipitation and 
temperature for the northern New York Climate Division 3 (ESRL, 2014). 
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Methodology  
Field Methods 
 A 3-m long peat core was collected in 2005 using a wide-diameter (10.3 cm) 
modified Livingstone piston-corer (Wright et al., 1984). The coring site was near the 
center of the bog on an area of open vegetation, dominated by Ericaceous shrubs and 
Sphagnum mosses, away from the areas of disturbance such as the railroad and old 
cultivation site (Figure 1a).  The core was collected in three drives, wrapped in plastic 
wrap and aluminum foil, placed into PVC tubes for transportation, and returned to Lehigh 
University, where it was cut into contiguous 1-cm thick intervals and kept in cold storage.  
The upper 190 cm, which was captured by the first two core drives, were used in this 
study. 
 
Age-Depth Model Development 
To assist in age-depth model development, samples along the length of the core 
were analyzed for the presence of possible micro-tephra deposits.  LOI was used to 
screen for possible microtephra horizons, and was performed on every centimeter, except 
for the first 10 centimeters on both drives of the core (0-9cm and 93-102cm).  Methods 
followed standard procedure (Chambers et al., 2011).  Crucibles were cleaned, dried, and 
weighed.  Samples were placed into corresponding crucibles and then weighed again.  
Samples were dried in an oven at 100°C overnight.  After samples returned to room 
temperature, samples were weighed again to determine dry weight.  Samples were then 
placed in a muffle furnace at 550°C for an hour to burn off all the organic compounds.  
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The samples returned to room temperature and were weighed again to determine organic 
matter content. 
Peat samples with increased amounts of inorganic material, as revealed by the 
LOI analysis, were sent to Dr. Britta Jensen for micro-tephra deposit analysis, and she 
used standard methods to quantify tephra shards and geochemically identify source 
eruptions for peaks in shard concentrations (Coulter et al., 2012).  Samples were 
centrifuged and the solids were placed onto glass slides in a laminar flow work area.  
Once the samples were dry, the residues were covered in Buehler or EpxiCure epoxy 
resin and scanned using a light microscope.  Slides were examined at 100 times 
magnification and potential micro-tephra shards were examined at 400 times with 
polarized light.  Slides that had tephra were ground and polished using 12 um alumina 
powder and 1 um diamond paste until the surfaces of the micro-tephra were exposed 
through the resin (Coulter et al., 2012).  Numbers of shards were counted at every 
centimeter down core except for the first 10 centimeters of both drives.  Samples with 
peaks in shards were geochemically analyzed to identify whether they could be reliably 
attributed to previously characterized volcanic eruptions (Coulter et al., 2012; Jensen et 
al., in review).  
Twenty-seven samples for 14C analysis were collected from the core, with a 
particularly high density of dates in the mid Holocene to better constrain the timing of the 
mid-Holocene hemlock decline.  Using these radiocarbon determinations along with the 
position of the ragweed (Ambrosia) pollen increase associated with European land 
clearance and the location of identified micro-tephra deposits (Table 1, Figure 1), an age-
depth model was developed using a flexible Bayesian approach and the program Bacon 
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(Blaauw and Christen, 2011).  Default priors were set for memory and accumulation rates 
(Goring et al. 2012).  Over 8 million age-depth model iterations were developed using the 
calibrated probability distributions of radiocarbon dates, along with pollen and 
microtephra markers. Uncertainty estimates were calculated for depths along the core 
using the full distribution of possible age-depth models (Figure 2) and the line of best fit 
was used to plot paleoenvironmental reconstructions against time.  All ages reported in 
this paper are in calibrated years before present, where present refers to 1950 AD.   
 
Testate amoebae and paleohydrology 
The hydrologic history of the Sphagnum-dominated portion of the record (upper 
168 cm) was inferred using testate amoebae, a group of protists that produce 
taxonomically diagnostic shells that are resistant to decay.  Community composition of 
testate amoebae has been linked to surface-moisture conditions in ombrotrophic 
peatlands, and fossil assemblages can be used to infer past changes in water-table depth 
(Booth, 2008; Charman, 1997; Charman and Warner, 1997; Woodland et al., 1998; 
Bobrov et al., 1999; Mitchel et al., 1999; Booth, 2002; Lamentowicz and Mitchell, 2005; 
Charman et al., 2007; Payne et al., 2006; Amesbury et al., 2012). Testate amoebae 
analysis and taxonomy followed Booth et al. (2010).  Peat subsamples of 2cm3 were 
boiled and sieved and the fraction between 15um and 300um retained for analyses.  At 
least one hundred testate amoebae were identified and counted per slide, and relative 
abundances were calculated as a percentage of the total.  In two samples, testate amoebae 
concentrations were too low to obtain more count totals of more than 100 after three 
slides were scanned, so counts were stopped at a total of 50 testate amoebae (Payne and 
! 13!
Mitchell, 2009).  However, in three samples, 76-77, 103-104, and 104-105 cm, a count of 
50 testate amoebae was not reached; these samples were not included in the water-table 
depth reconstructions.  Below 168-cm depth, adequate numbers of testate amoebae were 
not recovered; therefore the reconstruction ends at this depth.  
A transfer function, based on 650 modern samples from North America, was 
created and used to estimate water-table depth changes from testate amoeba community 
composition (Booth, 2008).  Error estimates on the reconstructions were created via 
bootstrapping (n=1000).  An ordination approach, using non-metric multidimensional 
scaling (NMDS), was also used to summarize variability in community composition 
(McCune and Grace, 2002).  Samples were positioned in the ordination space based on 
compositional similarity using a Sorenson’s distance metric (McCune and Grace, 2002).  
PC-ORD was used for the NMDS (McCune and Mefford, 1999).  Ordination results were 
compared with the water-table depth reconstruction. 
 
Pollen and vegetation history 
Pollen analysis was performed on the same samples prepared for testate amoeba 
analysis, and extended to a depth of 190cm. A known number of acetylated Lycopdium 
spores were added to each sample prior to processing to enable the calculation of pollen 
concentration and influx (Faegri and Iverson, 1989).  At least 200 arboreal pollen grains 
were counted per sample.  From the top of the core to 37cm, pollen analysis was 
performed on every-other centimeter, and below this depth every centimeter was 
analyzed.  Total counts and taxonomy followed standard procedures (Faegri and Iverson, 
1989).  An arboreal pollen sum was used to calculate percentages for tree taxa.  
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Percentages for herb and shrub taxa were calculated using a total non-spore sum, and 
percentages for Sphagnum and other non-vascular plants were calculated using a total 
pollen and spore sum.  Stratigraphic plots were made using the software packages Tilia 
1.7.16 (Grimm, 2011) and Sigma Plot 12.0 (Systat Software Inc, 2012).  To facilitate 
discussion of the long-term trends in the pollen record, stratigraphically constrained 
cluster analysis, using an Edward and Cavalli-Sforza’s chord distance, was used to define 
arboreal pollen zones (Grim, 1987) 
 
Charcoal fragments and fire history 
 Both macroscopic and microscopic charcoal was quantified along the peat core.  
Microscopic charcoal (<150um) generally reflects deposition from fires in the 
surrounding region because it can be transported by wind (Clark and Royall, 1995; 
Tinner and Hu, 2003).  In ombrotrophic peatlands, such as Bloomingdale Bog, most of 
the microscopic charcoal is deposited directly from the atmosphere instead of through 
other hydrological processes (Clifford and Booth, 2013).  Good correspondence between 
microscopic charcoal records from peatlands and nearby lakes has been found (Tinner et 
al., 1998; Carcaillet et al., 2001).  In contrast, macroscopic charcoal is primarily 
deposited from local fires, such as peatland fires or fires close to the coring site (Clark 
and Royall, 1995; Higuera et al., 2010; Kuhry 1994).  Analyzing both types of size 
fractions of charcoal provides a perspective on both local and regional fire history.  
 Microscopic charcoal was counted simultaneously with testate amoebae, and 
therefore the analysis includes the size fraction between 15um and 300um (Booth et al., 
2010).  Although this size fraction includes some charcoal fragments >150um, which is 
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the standard threshold for microscopic charcoal in lake studies (Innes et al., 2004; Rius et 
al., 2011), most of the charcoal observed on the testate amoebae sides were between 50 
µm and 100 µm.  Charcoal concentrations (fragments/ cm3) were calculated using 
standard methods (Faegri and Iverson, 1989).   Charcoal influx (fragments/cm3/year, 
CHAR) was calculated using accumulation rates estimated from the age-depth model and 
the charcoal concentration data.  
 Macroscopic charcoal was quantified using standard procedures (Carcaillet et al., 
2001; Whitlock and Anderson, 2003; Tinner and Hu, 2003), which involved digestion of 
2 cm3 samples with 6% hydrogen peroxide.  The solution was allowed to disaggregate the 
organic matter for 48 hours, and was then was sieved through 150um mesh.  Organic 
matter collected in the sieve was placed in a 36cm2 square-shaped dish for subsequent 
counting of charcoal fragments under a microscope. All fragments were tallied and the 
data were expressed as influx (fragments/cm2/year).   Due to lack of available sample 
material, macroscopic charcoal data was not collected from the upper 20cm of each core 
drive (0-19cm and 93-112cm). 
 
Plant Macrofossils 
 The macrobotanical composition of the peat was analyzed every 5 centimeters 
along the length of the core to describe overall change in peatland plant communities at 
the coring site.  2-cm3 samples were sieved with distilled water and evenly dispersed into 
a dish (36 cm2) with an ocular grid and the abundance of macrofossil types was estimated 
using a dissecting microscope following standard procedures (Mauquoy, 2010; Mauquoy 
and van Geel, 2007).  Percentages of different macrobotanical remains were estimated in 
! 16!
each of four ocular grids (4cm2) and then the four estimates were averaged.  The total 
number of needles, seeds and woody fragments were also tallied by scanning the entire 
sample. Results were expressed as percentages of the total material for Sphagnum, 
Ericaceae (ericaceous shrubs), brown moss, Cyperaceae (sedge) and unidentifiable 
organic matter.  Total numbers of needles, seeds, and woody pieces were expressed as 
numbers/cm2. 
 
Peat Humification 
Peat humification is a measure of relative peat decay, and although it can be 
strongly influenced by small changes in vegetation (Yeloff and Mauquoy, 2006), it is also 
affected by changes in surface moisture and therefore can sometimes be used as an 
additional validation of testate amoeba-based reconstructions.  Humification methods 
followed standard procedure (Chambers et al., 2011). Subsamples of 0.2g of dried, 
ground peat from each centimeter were placed in 150 ml beakers.  100ml of 8% NaOH 
solution was added to each sample, and the solution was kept at 95°C for one hour.  Each 
sample was then filtered using Whatman No. 1 grade filter papers. Distilled water was 
added to each flask to bring the total volume of liquid to 100ml.  A small volume of 
liquid was pipetted into a cuvettes and placed into a spectrophotometer where light 
transmission at 540 nm was measured (Chambers et al., 2011). 
 
Physical Parameters and Carbon Accumulation 
Although not directly related to the objectives of this study, the LOI and bulk 
density data collected in conjunction with peat humification and microtephra screening 
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also allows the estimation of peat carbon accumulation rates. As understanding variability 
in peatland carbon accumulation is an active area of research, these data are included in 
Appendix 1 and will be contributed to ongoing hemisphere and global syntheses efforts.  
Carbon accumulation rates were estimated using ash-free bulk density, the assumption 
that carbon represents approximately half of the organic matter (Chambers et al., 2011), 
and the age-depth model.  
 
Results 
Chronology  
Age-depth models were developed using 27 radiocarbon dates, two geochemically 
identified microtephra, the post-settlement Ambrosia (ragweed) rise, and the top of the 
core (Table 1). With 30 chronological markers spanning 7600 years, the record represents 
one of the most intensively dated peat chronologies in North America.  Three additional 
radiocarbon dates were identified as outliers and were not included in the age-depth 
model.  Two of these dates were exceptionally young and near the top of the second core 
drive, and therefore likely represent contamination by younger material from above.  
Microtephra analysis revealed two spikes in the number of tephra shards in the record 
that were geochemically identified (Jensen, personal communication).  A microtephra at 
a depth of 55-56cm was identified as the East White River Ash, and is 1090 years old 
(1014-1256 years BP) and a microtephra at 181-182 cm depth corresponds to the 
Mazama Ash and is 7627 years old (7545-7711 years BP) (Zdanowicz, 1999; Clague et 
al., 1995).  European land-clearance in the Adirondacks was well underway by 1800 AD 
(150 years BP), when most of the Adirondack forests were cut down, and a spike in the 
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abundance of Ambrosia pollen occurred at a depth of 35 cm.  This depth was assigned an 
age of 150 years BP. 
An age-depth model was initially developed that assumed continuous peat 
deposition for the past 7600 years.  However, accumulation rates of this age-depth model 
were unrealistically low at about 55cm depth in the core, with deposition times exceeding 
150 years/cm (Figure 3).  This deposition time is much higher than typical for peatlands, 
as a recent synthesis reveals that it is extremely improbable that deposition times 
exceeding 100 years/cm represent continuous deposition (Goring et al., 2012).  
Furthermore, the low accumulation rate is extremely well constrained with both 
radiocarbon dating and the position of the East White River microtephra.  Calibrated 
radiocarbon ages at depths of 52-53cm and 54-55cm are consistent with each other, 
indicating deposition between about 500 and 630 cal BP; whereas the East White River 
micro-tephra, with an estimated age of 1014-1256, occurs just one centimeter below (55-
56cm).  A radiocarbon date one centimeter below the tephra is also consistent with age of 
the East White River eruption, with a calibrated range of 1007-1254 cal BP.  Therefore, 
there is strong evidence for a hiatus in peat accumulation at a depth of 55 centimeters, 
immediately after the deposition of the East White River microtephra. 
A new age-depth model was developed to accommodate a depositional hiatus at 
55 cm depth (Figure 2), and indicates that ~640 years are missing from the record, 
corresponding to a time range from about 570-1210 cal BP.  This age-depth model has 
more realistic accumulation rates (Figure 3), and is consistent with the microtephra and 
radiocarbon dates. The highest accumulation rates occurred during the past 570 years, 
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after the hiatus.  The record spans from about 7650 cal BP to the present, except for the 
missing time period. 
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Table 1. Chronological markers used to develop age-depth models from Bloomingdale 
Bog, including radiocarbon dates, micro-tephra deposits, the Ambrosia pollen increase 
associated with European land clearance, and the top of the core. Radiocarbon dates with 
asterisks were not used in age-depth model development. 
 
Depth 
(cm) Lab ID 
14C Years 
BP Error Data Type Calibrated age range Probability 
0-1 Top 
  
Top of Core -55 ± 1 years BP 
 35-36 Ambrosia 
  
Pollen-
Marker 150 ± 30 years BP 
 52-53 AA64708 511 40 14C 500-560 cal BP 0.844383 
     
598-632 cal BP  0.155617 
54-55 UGAMS1783 560 45 14C 515-570 cal BP  0.456311 
     
580-651 cal BP 0.543689 
55-56 WRAe1 
  
Micro-tephra 1090 ± 50 years BP 1 
57-58 AA68078 1209 42 14C 1007-1024 cal BP  0.026864 
     
1053-1264 cal BP  0.973136 
62-63 UGAMS1784 1650 50 14C 1412-1630 cal BP  0.922544 
     
1653-1693 cal BP  0.077456 
69-70 AA68083 2161 40 14C 2042-2309 cal BP 1 
75-76 UGAMS1785 2450 60 14C 2358-2711 cal BP  1 
81-82 AA68077 2899 41 14C 2894-2902 cal BP  0.00995 
     
2924-3164 cal BP  0.99005 
90-91 AA64710 3068 44 14C 3167-3376 cal BP 1 
*103-104 UGAMS1786 2560 50 14C 2488-2764 cal BP 1 
*106-107 UGAMS2106 1000 40 14C 796-886 cal BP 0.3719 
     
891-975 cal BP 0.6281 
116-117 AA68081 3917 39 14C 4237-4440 cal BP  0.978004 
     
4485-4508 cal BP  0.021996 
121-122 UGAMS2878 3850 40 14C 4154-4409 cal BP 1 
123-124 AA68080 4138 42 14C 4532-4544 cal BP  0.021836 
     
4546-4558 cal BP 0.024211 
     
4566-4824 cal BP 0.953953 
125-126 UGAMS2874 4180 40 14C 4582-4604 cal BP 0.039488 
     
4606-4769 cal BP 0.72955 
     
4781-4838 cal BP 0.230962 
128-129 UGAMS2875 4280 40 14C 4712-4719 cal BP  0.00851 
     
4722-4753 cal BP  0.044991 
     
4815-4965 cal BP 0.946498 
130-131 UGAMS2887 4190 50 14C 4576-4773 cal BP  0.742786 
     
4777-4847 cal BP  0.257214 
132-133 UGAMS2877 4330 40 14C 4836-4976 cal BP  0.967455 
     
5026-5032 cal BP  0.032545 
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       Depth 
(cm) Lab ID 
14C Years 
BP Error Data Type Calibrated age range Probability 
135-136 UGAMS2876 4600 40 14C 5067-5110 cal BP  0.072748 
     
5122-5168 cal BP  0.084665 
     
5173-5180 cal BP 0.004129 
     
5274-5335 cal BP  0.372166 
     
5345-5465 cal BP  0.466293 
138-139 UGAMS2888 4470 50 14C 4891-4900 cal BP  0.007419 
     
4911-4927 cal BP  0.01391 
     
4959-5302 cal BP  0.978671 
141-142 AA68079 4508 43 14C 4984-4998 cal BP  0.015274 
     
5038-5309 cal BP  0.984726 
144-145 UGAMS2889 4840 60 14C 5333-5348 cal BP 0.013581 
     
5353-5363 cal BP  0.008313 
     
5366-5371 cal BP 0.003753 
     
5463-5666 cal BP  0.934925 
     
5671-5714 cal BP 0.039428 
147-148 UGAMS2879 5120 40 14C 5747-5834 cal BP  0.502127 
     
5839-5939 cal BP  0.497873 
150-151 UGAMS2880 5180 40 14C 5762-5809 cal BP  0.042979 
     
5886-6004 cal BP  0.948399 
     
6084-6097 cal BP 0.008105 
     
6165-6165 cal BP  0.000517 
*154-155 UGAMS2881 4670 40 14C 5312-5475 cal BP  0.932561 
     
5546-5575 cal BP  0.067439 
155-156 UGAMS2107 5100 40 14C 5746-5921 cal BP 1 
164-165 UGAMS2108 5470 40 14C 6189-6320 cal BP 0.976883 
     
6373-6390 cal BP 0.023117 
181-182 Mazama2 
  
Micro-tephra 7627 ± 150 years BP 1 
188-189 AA64711 6710 49 14C 7494-7663 cal BP   1 
 
1Clague, J. J., et al. 1995.  Improved age estimates for the White River and Bridge River tephras, 
western Canada. Canadian Journal of Earth Sciences 32.8: 1172-1179. 
2Zdanowicz, Chris M., Gregory A. Zielinski, and Mark S. Germani. 1999. Mount Mazama 
eruption: Calendrical age verified and atmospheric impact assessed.   
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Figure 2.  Age-depth model for Bloomingdale Bog. Calibrated radiocarbon dates used in 
the age-depth model are shown in blue, whereas outliers are shown in red. Geochemically 
identified micro-tephras (Jensen, personal communication) are shown in green. The red 
line represents the weighted mean of all possible age-depth models, and the gray area 
shows the 95% confidence interval.  Dotted line represents a depositional hiatus at 55cm.   
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Figure 3. Deposition times for two age-depth models at Bloomingdale Bog. Panel A) 
shows the age-depth model assuming continuous deposition, which indicates deposition 
times exceeding 150 years/cm at around 55 cm depth.  Given this unrealistically high 
deposition time, and high degree of confidence in the chronology at this depth (multiple 
radiocarbon dates and the East White River microtephra) a depositional hiatus likely 
occurred.  Panel B) shows deposition times after accommodating a depositional hiatus 
with the age-depth model.  The hiatus is shown as a black line.  
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Pollen and Macrofossil Stratigraphy 
 The forests surrounding Bloomingdale Bog have been dominated by a 
combination of white pine, hemlock, birch, and beech for the last 7500 years (Figure 4).  
Four major arboreal pollen zones were defined by stratigraphically constrained cluster 
analysis and labeled P1-P4.  Macrofossils reveal that the peatland has been a bog for the 
last 7500 years (Figure 7), with Sphagnum present for the entirety of the core.  However, 
the peat is highly humified and a large amount of unidentified organic matter is present 
throughout the core.  
 Arboreal pollen zone P1 extends from 7650 to 6400 years BP (167-190cm), and 
was characterized by abundant white pine and hemlock pollen percentages.  Pine 
percentages decrease throughout the zone, while hemlock pollen percentages increase 
(Figure 4).  Birch and beech pollen are more minor components of the pollen flora.  
Peatland macrofossils were dominated by unidentifiable organic matter with woody 
fragments and Sphagnum moss remains. Picea (Spruce) and Larix larcina (tamarack) 
needles and sedge were also present (Figure 7).    
 Arboreal pollen zone P2 extends from 6400 to 4900 years BP (132-167cm).  The 
highest amounts of hemlock pollen are in this portion of the record (30-50%), and are 
associated with relatively low pine pollen percentages (~25%).  Beech and birch pollen 
both increase in this zone.  Local peatland vegetation consisted of Sphagnum and 
Ericaceous shrubs, and no needles of peatland tree species were encountered.   
 Arboreal pollen zone P3 began at 4900 BP and extended to the onset of the 
depositional hiatus at ~1200 years BP (132-55cm).  The beginning of the zone represents 
the largest break in the cluster analysis, and the vegetation changes were rapid (less than 
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100 years) and characterized by a decline in hemlock pollen from 50% to <5% of the 
total arboreal pollen (Figure 4).  Pine (40-50%), beech (10-20%), and birch (25-50%) are 
all abundant in this zone.  Highest birch pollen percentages in the entire peat core occur 
immediately after the onset of the hemlock decline.  After about 1000 years, hemlock 
pollen percentages begin to recover.  Spruce and Acer (maple) pollen percentages 
increase a bit during the zone.  The macrofossil record has high levels of unidentifiable 
organic matter and slightly higher amounts of identifiable sedge remains (Figure 7). 
 Arboreal pollen zone P4 begins after the depositional hiatus at 570 years BP and 
extends to the top of the core (0-54cm).  Beech decreases to less than 5% of arboreal 
pollen in this zone, and white pine pollen percentages increase.  Changes associated with 
European land clearance are also seen in upper portions of the zone, with increasing 
percentages of birch associated with low percentages of white pine pollen along with 
other large fluctuations in the past couple centuries.  At the onset of the zone, spruce 
pollen also increases, and this increase is associated with a large number of spruce 
needles immediately after the hiatus, suggesting local spruce establishment or expansion 
on the bog surface.  Although the local presence of spruce on the bog surface may 
influence pollen percentages of forest tree species, removal of spruce from the arboreal 
pollen sum did not change the patterns for other taxa. 
 Arboreal pollen concentration and influx data show a great deal of variability, as 
is often the case with these estimates, likely due to changes in accumulation rates, 
difficulty in accurately measuring peat volumes, as well as other factors (Figure 5, 6).  
However, across the two primary time periods of particular interest, centered on 500 and 
5000 years BP, the results show similar patterns to those of the percentage diagram.  For 
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example hemlock pollen concentration and influx both show a rapid decline at 5000 years 
BP, and an associated rise in pine pollen concentration and influx.  After the hiatus at 
~550 years BP, beech pollen concentration decreases and pine pollen concentration 
increases; however, because overall accumulation rates a higher after the hiatus, the 
influx values for beech appear to undergo very little change at this time, whereas total 
arboreal pollen influx and particularly pine pollen influx increase at this time (Figure 5, 
6).
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Figure!4.!Pollen!diagram!with!relative!abundances!of!taxa!plotted!against!time.!Major arboreal pollen zones, shown by dotted 
lines, are defined by the results of stratigraphically constrained by depth (CONISS), shown to the right. White area between 
570-1200 years BP represents the depositional hiatus in the record.  A five times exaggeration is shown in light gray for taxa 
that are low in abundance 
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Figure 5. Bloomingdale!arboreal!pollen!concentration!(grains/cm3).!!Arboreal!pollen!taxa!with!the!maximum!concentration!value!less!than!2000!grains/cm!was!not!plotted. 
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Figure 6.!!Bloomingdale!arboreal!pollen!influx!(grains/cm2/year).!!Arboreal!pollen!taxa!with!a!maximum!influx!less!than!200!grains/cm2/year!were!not!plotted.!!
! !
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Figure!7.!Macrofossil!diagram!with!peat!macrobotanical!constituents!plotted!against!time.  Taxa on the left are displayed as 
relative percentages based on percent cover estimates. Needles, seeds, and wood fragments are displayed on the right as 
concentrations.
! 31!
Testate Amoebae and Water Table Depth 
Forty-three taxa of testate amoebae were identified in the record from 
Bloomingdale Bog.  Common peatland taxa such as Amphitrema flavum, Difflugia pulex 
type, Hyalosphenia spp., and Trigonopxis arcula were abundant throughout the core.  
Community composition was quite variable with depth, with few long-term trends 
(Figure 8).  Amphitrema flavum, which is indicative of moderately wet, Sphagnum-
dominated habitats, is abundant through much of the core (Woodland et al., 1998; 
Charman et al., 2000) and tends to be negatively correlated with the abundance of 
Hylasophenia subflava and Trigonopxis arcula, which are indicative of dry conditions. 
Difflugia pulex type is an indicator of moderately dry, and probably highly variable, 
surface-moisture conditions (Sullivan & Booth, 2011).    
The reconstructed water-table depth at Bloomingdale Bog suggests considerable 
moisture variability at the peatland surface for the past 6500 years (Figure 9).  
Comparison of NMS ordination (3-dimensional solution, final stress=12.77) of testate 
amoebae community data with the water table depth reconstruction reveals a nice 
correspondence between the most important gradient of community composition changes 
(Axis 1, 36.3% variance represented) and inferred water-table depths (Figure 9).  This 
correspondence suggests that the correlation structure among taxa in the fossil samples is 
similar to those observed along moisture gradients in the calibration dataset (Booth, 
2008). In other words, taxa that tend to occur with each other in the modern calibration 
dataset also tend to occur together in the fossil dataset, and this lends additional strength 
to the argument that moisture has been the primary control on community composition in 
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the record.  Results reveal multimillenial to multidecadal episodes of dry and wet 
conditions at the bog surface for the last 6500 years.   
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Figure 8. Testate!amoebae!diagram!with!relative!abundance!of!taxa!plotted!against!time.!! !
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Figure 9.  A) Reconstructed water table depth (blue) with error bars (gray) and comparison to the first axis of an NMS 
ordination of testate amoeba community data (black, dotted). Inset plots this same comparison in bivariate space. B) Peat 
humification showing percent transmittance at 540nm. The highly humified peat preserves little-to-no signal of millennial-to-
decadal scale variability. Recent increases are likely due to incomplete decomposition in the acrotelm. 
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Microscopic and Macroscopic Charcoal 
Microscopic charcoal peaks have been common in the region surrounding 
Bloomingdale for the entirety of the record (Figure 10A).  A very high density of 
charcoal peaks lasted from 3000-6500 years BP.  A very large microscopic charcoal peak 
occurred at the end of the hiatus (54cm), 550 years BP, suggesting regional upland fires 
at this time.  Microscopic charcoal is also abundant during European land clearance, 
when fires associated with drought and logging were common (Latty et al., 2004; Hicks, 
1947; Pilcher, 1987).  The three largest peaks in microscopic CHAR in the record occur 
at 5000 years BP, 550 years BP, and European land clearance (Figure 10A). 
Local peatland fires are represented by the presence of macroscopic charcoal 
(Figure 10B), and these were much less frequent than regional fires. Peaks occurred at 
3000 years BP and at European land clearance. Although somewhat elevated amounts 
occur at the end of the hiatus, the magnitude of this increase is small in comparison to 
other peaks in the record and much smaller than the magnitude of the microscopic 
charcoal peak at this time.   The presence of charred macrofossils clearly indicates that 
bog vegetation burned, and this occurred three times during the Holocene, 3000 years BP, 
1200 years BP, and at European land clearance (Figure 10C). 
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Figure 10.  A) Microscopic charcoal concentration and CHAR. B) Macroscopic 
concentration and CHAR. C) Presence of charred macrofossils.   
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Peat humification 
Light transmittance for measurement of peat humification ranged from 5% to 
80% and only goes higher than 30% in the last 300 years (Figure 9).  The peat older than 
300 years is very humified, with little variability along the length of the core. 
Unfortunately the low-variability of the percent transmittance values of the highly 
humified peat makes comparison with testate amoeba records difficult, and the 
interpretation of humification of upper peats is problematic because of incomplete 
decomposition in the acrotelm. I therefore focus my surface-moisture interpretation on 
the testate amoeba-inferred water-table depths.  
 
Discussion 
The utility of microtephra in peatland studies 
 Tephrochronology can be utilized to temporally link sedimentary deposits, using 
volcanic ash layers, or tephras, as time horizons (Alloway et al., 2007; Lowe, 2011; 
Pyne-O’Donnell et al., 2012).  Known eruptions can be geochemically identified, are 
deposited rapidly, and can more precisely link separate sediment chronologies than 14C 
dating or other radiometric methods (Telford et al., 2004; Lowe et al., 2007).   Recently, 
methodological improvements allow for the identification of microtephras, which 
represent ash particles smaller than 100 um that cannot be seen with the naked eye 
(Davies et al., 2002; Mortensen et al., 2005; Lowe et al., 2008; Lowe, 2011; Davies et al., 
2012).  The identification of microtephra significantly expands the geographic range 
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where tephrochronology can be applied (Preece et al., 2011; Pyne-O-Donnell et al., 
2012). 
 Recently, microtephras corresponding to volcanic eruptions from the Pacific 
Northeast eruptions have been identified in a Newfoundland peatland (Pyne-O’Donnell et 
al., 2012).  These microtephras were geochemically identified as ashes corresponding to 
the eruptions of Mazama in Oregon (7442-7170 years BP) and the eastern lobe of the 
White River Ash in Alaska (1238-1036 years BP) (Clague et al., 1995; Zdanowicz et al., 
1999).  The recovery of these same microtephras in the Bloomingdale Bog core means 
that these microtephra horizons are likely broadly distributed in northeastern North 
America, greatly expanding the tephrochronological framework for this area.  In the 
present study, the identification of these microtephra allowed considerable refinement of 
the age-depth model, including the confirmation of a depositional hiatus in the peat 
record (Figure 2).   
 
Drought, fire, and forest vegetation change during the Holocene of the north-central 
Adirondacks 
 The high-resolution record of vegetation and climate history from Bloomingdale 
Bog of the north-central Adirondacks is consistent with previous millennial-scale 
reconstructions (Overpeck, 1985; Jackson, 1989) and was similar to adjacent regions 
(Overpeck, 1985; Foster and Zebryk, 1993; Fuller et al., 1998; Booth et al., 2012a,b; 
Clifford and Booth, 2013).  At times, the upland vegetation changes revealed in the 
Bloomingdale Bog record were abrupt, likely occurring within several decades, and 
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testate amoebae record indicates that on several occasions, short-term drought events 
punctuated millennial-scale patterns, and some of these droughts were associated with 
regional fires (Figure 11).   
 The implications of multidecadal-to-centennial scale droughts for long-term 
vegetation history has not been well studied, as most pollen records have been interpreted 
as responses to gradual, millennial-scale climate change (Bartlein et al., 2011; Bagota et 
al., 2011; Wahl et al., 2012; Paquette and Gajewski, 2013). Although certainly many of 
the patterns revealed by pollen records in North America and elsewhere represent 
responses to millennial-scale climate change, recently there has been increased interest in 
the potential role of short-term extreme climatic events in triggering ecosystem changes 
(e.g., Shuman et al, 2009; Booth et al., 2012a).  For example, during the Younger Dryas 
(12,900-11,600 years BP), pollen records indicate rapid response to abrupt climate 
change associated with ocean circulation changes (Shuman, 2012; Williams et al., 2011).  
Also, widespread drought and fire events during the Medieval Climate Anomaly (MCA) 
in the Great Lakes region likely led to persistent changes in forest community 
composition (Booth et al., 2012a), and highlight how transient climate events may lead to 
long-term changes in forest communities. 
 The high-resolution record from Bloomingdale Bog provides an opportunity to 
further examine the potential role of drought and fire to trigger abrupt and potentially 
persistent vegetation changes.  For example, the pollen record reveals that the two largest 
pre-settlement vegetation changes in the region were centered on 5000 and 500 years BP 
(Figure 11).  These time periods were also broadly associated with the largest 
microscopic charcoal peaks in the entire record, as well as drought.  A careful analysis of 
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these two events, and a comparison to the magnitude of vegetation changes associated 
with European land clearance may therefore provide considerable insight into the 
dynamics of abrupt and persistent vegetation change. 
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Figure 11.  Synthesis figure showing water table depth with error bars, macroscopic and 
microscopic charcoal and major vegetation including hemlock, pine, beech, and birch 
from present day to 7500 years BP. 
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Vegetation Change 5000 years BP 
 Vegetation changes at 5000 BP in the north-central Adirondacks were 
characterized by the mid-Holocene hemlock decline, which is probably the most well-
studied vegetation change of eastern North America during the Holocene (e.g., Deevey, 
1939, Davis 1981; Allison et al., 1986; Webb, 1982; Yu et al., 1997; Haas and 
McAndrews, 2000; Shuman et al., 2004, 2009; Booth et al., 2012b). However, despite 
decades of intense investigation, the cause of this range-wide decline in a foundational 
species (Ellison et al., 2005) is still not well understood (Davis, 1981; Yu et al., 1997; 
Booth et al., 2012b). As a foundation species, hemlock exerts a strong influence on 
population and community dynamics, and modulates ecosystem processes (Ellison et al., 
2005).  Hemlock is a long-lived, shade-tolerant tree.  Hemlock dominated stands have 
cool, damp microclimates and slow rates of nitrogen cycling (Jenkins et al., 1999).  
Hemlocks mediate soil moisture levels, stabilize stream flows, and decrease variation in 
stream temperature, which promotes biodiversity (Snyder et al., 2002; Ellison et al., 
2005).  Currently hemlock populations are facing considerable threat because of the 
introduction of the hemlock woolly adelgid (Ellison et al., 2005; Hessl and Pederson, 
2013), which oftentimes leads to nearly 100% mortality in infected stands (Orwig and 
Foster, 1998, 2000).  The mid-Holocene hemlock decline represents a model event for 
assessing the drivers of abrupt vegetation change, and provides important context on the 
natural history of this foundational species.   
The cause of the mid-Holocene hemlock decline has been widely debated since 
the event was first identified in pollen records (Deevey, 1939). Originally attributed to 
climate, Margaret Davis (1981) later convincingly argued that a pest or pathogen caused 
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the event by evaluating alternative number of other hypotheses and rejecting them. Most 
scientists accepted the pest/pathogen hypothesis (Webb, 1982); however, the 
development of vegetation-independent paleoclimate records in the 1990s and 2000s 
revealed substantial evidence for climate change at about the same time as the hemlock 
decline. In particular, these records indicated a transition from relatively wet to dry 
conditions between about 6000 and 4500 years BP (Yu et al., 1997; Newby et al., 2000, 
2011; Shuman et al., 2001, 2004, 2009, Booth et al., 2002, 2004, Foster et al., 2006), as 
well as some evidence for cooler temperatures (Kirby et al., 2002; Calcote, 2003; Zhao et 
al., 2010).  Furthermore, changes in beech pollen in coastal Massachusetts at this time, a 
site without hemlock, have been attributed to a climate change at about this time (Foster 
et al., 2006). However, all of Margaret Davis’s (1981) reasons for rejecting climate 
change as a driver of the hemlock decline have not been adequately addressed; in 
particular, if the rapid decline in hemlock pollen represented the widespread death of 
adult trees due to climate change, why were no other species affected in these same 
forests?  
By directly comparing pollen data with independent paleoclimate proxies, ideally 
from within the same sediment core to minimize chronological uncertainty, the potential 
role of drought in driving the hemlock decline can be directly assessed (Booth et al., 
2012b). For examine, comparison of water-table reconstruction and pollen at Irwin Smith 
Bog in lower Michigan recently revealed that the mid-Holocene hemlock decline was 
already well underway when drought occurred (Booth et al., 2012b).  This pattern 
suggests that drought was not a direct cause of the initial hemlock decline, and instead 
may have played in a role in its subsequent lack of recovery.  Interestingly, several 
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transient declines in hemlock pollen occur prior to the final mid-Holocene event in many 
high-resolution records (Zhao et al. 2010, Oswald and Foster 2012, Booth et al. 2012b), 
yet hemlock recovered from these events in the absence of drought (Booth et al. 2012b).  
There is one transient decline in hemlock pollen prior to the final pollen decline in the 
record from Bloomingdale Bog (Figure 12). 
 In addition to debate about the causation of the decline, the timing of the event, or 
events, is uncertain. Although commonly assumed to be synchronous across the range of 
species, estimates of the timing are >2000 years apart (Haas and McAndrews, 2000; 
Bennett and Fuller, 2002; Shuman et al., 2009; Booth et al., 2012b), although much 
uncertainty may be due to radiocarbon dating and sampling density (Liu et al., 2012). A 
synthesis and statistical analysis of 60 sites in eastern North America determined the age 
of the hemlock decline to be 5450 years BP, although this includes a large possible range 
(Figure 14) (Bennett and Fuller, 2002). Recently, careful 14C dating and application of 
modern age-depth modeling techniques revealed ages for the decline at 5025 years BP 
and 4890 years BP, a lake and a bog in Michigan (Figure 14) (Booth et al., 2012b).   
 The Bloomingdale record provides some additional insight on the potential cause 
and timing of the mid-Holocene hemlock decline (Figure 12).  With thirteen radiocarbon 
dates at 1000 years of the decline, the record may be the best-dated record of the event 
in eastern North America (Table 1).  Results are consistent with the estimates from 
Michigan, with the event at Bloomingdale Bog dated to 4940 years BP (4820-4990 years 
BP).  This is 400 years earlier than the median value of ~5400 years BP most typically 
used for the event (Bennett and Fuller, 2002).  The 95% confidence interval for the 
timing at Bloomingdale Bog overlaps with estimates from two sites from the Great Lakes 
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region and all three sites fall close to an alternate mode identified in Bennett and Fuller at 
5100 years BP (Figure 14) (Bennett and Fuller, 2002; Booth et al., 2012b). More well-
dated sites are needed to better assess whether the event was synchronous eastern North 
America, but at three well-dated sites the hemlock decline has now been dated younger 
than many previous estimates. 
The Bloomingdale record also can be used to assess the potential role of drought 
and fire during the decline of the species and its subsequent lack of recovery.  A 
comparison of water-table depth changes and hemlock pollen reveals patterns consistent 
to those described at Irwin Smith Bog in Michigan (Booth et al., 2012b). The 50% drop 
in hemlock pollen occurred over 100 years prior to the increase in water-table depth (i.e., 
drought) (Figure 13 and 14).  Hemlock declined by 50% and a hundred years later the 
water-table depth increased by 50% (i.e., drought), and finally during the peak of the 
drought, a large regional fire event occurred.  To better estimate the amount time between 
the start of the hemlock (50% drop in pollen), the onset of drought (50% decrease in 
water-table depth), and the fire event, over 2000 possible age-depth models were used to 
estimate the possible amount of time between these events (Figure 13).  The results 
reveal that the hemlock decline happened a few decades before the onset of drought, and 
the fire occurred a few decades after the onset of drought.  
The Bloomingdale record is not consistent with drought as a sole or direct cause 
of the mid-Holocene decline.  Furthermore, if drought was the cause, it had to be of 
sufficient magnitude to cause mortality of adult trees in a few decades (Allison et al., 
1986) while negatively affecting no other species within forests where hemlock occurred.  
A likely scenario is a pest or pathogen outbreak that decimated hemlock populations 
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across its range.  However, drought likely played an important role in the persistence of 
the event. Post-decline recruitment of hemlock may have been suppressed by drought 
conditions, whereas other long-lived forest trees would have been poised to expand after 
severe drought ended. Fire may have been a secondary effect because of the large amount 
of standing dead biomass that would have been on the landscape at the time, and the area 
around Bloomingdale Bog might have been more vulnerable to fire than other regions 
because of co-dominance of hemlock with white pine in this region. 
 There is still much we do not understand about the hemlock decline.  While a few 
studies now exist with high chronological certainty of the timing of the hemlock decline, 
more sites are needed across hemlocks range to assess the discrepancies in age that exist 
among current sites.  Was the hemlock decline a synchronous event? What caused the 
rapid and widespread forest change?  Why was hemlock able to recover from earlier 
rapid drops in abundance but not from the final decline?  Although evidence appears to 
be emerging for an interaction between biotic (e.g., pathogen) and abiotic drivers (e.g., 
post-decline drought), the event is one of the most well studied vegetation changes of the 
Holocene, and yet we still don’t fully understand it. 
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Figure 12. Synthesis figure showing changes 5000 years BP including water table depth 
with error bars, macroscopic and microscopic charcoal and major vegetation: hemlock, 
pine, beech, and birch from 4500-5500 years BP.  The figure shows that the 50% 
decrease in WTD occurred after the 50% decrease in hemlock. 
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Figure 13. Estimated timing of the hemlock decline and fire relative to the drought. The 
hemlock decline was defined as the depth of 50% drop in hemlock pollen percentage. 
The decline in hemlock was underway several decades prior to the drought onset while 
the fire event occurred several decades after the drought onset. 
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Figure 14. A comparison between sites for the timing of the hemlock decline.  95% 
confidence intervals for the 50% hemlock decline at Irwin Smith (4895-5160 years BP), 
Tower Lake (4855-5270 years BP)(Booth et al., 2012b), and Bloomingdale (4820-4990 
years BP).  The 95% confidence interval of the estimates overlaps at the three sites.  
These are compared to the summed probabilities from 60 sites in eastern North America 
(Bennett and Fuller, 2002).   
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Vegetation Change 500-600 Years BP 
 Pollen records from across the Northeast record a major vegetation transition 500 
to 600 years ago, likely the largest vegetation shift of the late Holocene (Fuller et al., 
1998; Clifford and Booth, 2013). The event is also well recorded at Bloomingdale Bog, 
although the depositional hiatus adds some uncertainty to our understanding of the event 
in this record (Figure 15). However, particularly when viewed in the context of other 
high-resolution records from the Northeast, the Bloomingdale record provides clear 
insights into the cause and dynamics of this abrupt forest transition.  
 Sites from across the Northeast report that shade tolerant and mature-forest 
species declined at ~500 BP such as hemlock, maple, and beech, while other xeric 
species increased such as pine (Fuller et al., 1998; Clifford and Booth, 2013).  Various 
hypotheses have previously been proposed to explain the vegetation changes 500-600 
years ago such as climate (the Little Ice Age, temperature changes, increased moisture 
variability), fire, and humans (Native American activity) (Fuller et al., 1998).  The Little 
Ice age in New England was thought to be generally characterized by a more variable 
climate with high frequencies of extreme winters and cooler summer (Bradley and Jones, 
1993; Baron and Smith, 1996).  Many studies have suggested the shift in forest 
vegetation was due to the Little Ice Age and changes in temperature (Fuller et al., 1998; 
Paquete and Gajewski, 2013).  Another hypothesis is that Native Americans caused fires 
and disturbances (Fuller et al., 1998).  However, it seems improbable that human activity 
could have caused such a widespread change in forest vegetation when human densities 
were relatively low at the time (Fuller et al., 1998). Clifford and Booth (2013) 
documented widespread fire and drought in Maine at this time; in fact, the time period 
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between 500 and 600 BP was the only time of the last 2000 years when all three of their 
investigated sites recorded both drought and fire.  Others have noted that in order to 
understand the causes of this vegetation change, a comparative study of independent 
records of vegetation and climate are required (Fuller et al., 1998).   
Bloomingdale Bog adds to the growing body of evidence that drought and fire 
triggered the abrupt vegetation change in the Northeast at 550 years BP.  The fist 
centimeter directly after the hiatus showed a 50% decrease in beech and a 50% increase 
in water-table depth (i.e., drought) and one of the largest fire events in the entire record 
(Figure 11 and 15). Pine populations likely expanded as beech decreased.  All changes 
occurred simultaneously, at least within the considerable temporal uncertainty caused by 
the hiatus. Interestingly, the vegetation changes associated with transient drought and fire 
at Bloomingdale Bog were relatively long lasting, as the next major vegetation change 
does not occur until European land clearance. Similar linkages between drought, fire, and 
vegetation change at this time have recently been found at two sites in Maine (Clifford 
and Booth, in prep.).   
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Figure 15. Synthesis figure showing changes 550 years BP including water table depth 
with error bars, macroscopic and microscopic charcoal and major vegetation: hemlock, 
pine, beech, sand birch from 0-2000 years BP.  Shows that the 50% increase in WTD 
(i.e., drought) and 50% decrease in beech occurred synchronously. 
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European land clearance 
 European land clearance is one of the three largest vegetation changes in the 
Bloomingdale Bog record (Figure 4, 11, and 16), and it serves as an interesting 
comparison to earlier abrupt vegetation changes as well as a nice comparison between 
known vegetation changes and those recorded by the pollen record. Historical records 
indicate that pine and hemlock were both preferentially cut down in the late 1700s and 
early 1800s, and this pattern is reflected in the pollen diagrams (Figure 16). Post-logging 
succession was characterized by an expansion of birch, an early successional species. 
Interestingly, the highest percentages of birch in the Bloomingdale Bog record prior to 
this expansion were immediately after the mid-Holocene hemlock decline. Land 
clearance was the only time during the entire Holocene that three of the four co-dominant 
species were reduced to insignificant proportions.   Hemlock and pine were cut down, 
and beech had still not recovered from the drought and fire event 550 years BP. 
 Fires were abundant on the landscape after logging, likely due to the tremendous 
amount of dry fuel (Latty et al. 2004). Two of the largest fires in the Adirondacks 
occurred in 1903 and 1908 AD after drought and logging (Hicks, 1947; Pilcher, 1987), 
and fire is also faithfully recorded in the sediments of Bloomingdale Bog in the form of 
microscopic charcoal at this time. In fact, magnitude and frequency of fires had not been 
as high since the mid Holocene. 
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Figure 16. Synthesis figure showing changes during European land clearance including 
water table depth with error bars, macroscopic and microscopic charcoal and major 
vegetation: hemlock, pine, beech, and birch from present day to 550 years BP.   
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Conservation implications 
Climate change predictions for the Adirondacks region include more variable and 
extreme weather patterns and climate (Cubasch et al., 2013; Jenkins, 2010), and how 
Adirondacks ecosystems will respond to these changes is uncertain.  However, 
paleoecology can contribute to our understanding of the possibilities by providing long-
term perspectives on the climate sensitivity of ecosystems. Although true analogs for the 
ecological effects of ongoing and future climate change are lacking, particularly given 
land use changes, invasive species, and other ongoing global changes that will likely 
interact with future climate changes, the coupled records of climate, disturbance, and 
vegetation from Bloomingdale Bog demonstrate the potential for abrupt, climate-induced 
vegetation changes.  For example, careful examination of the mid-Holocene hemlock 
decline reveals the potential for biotic and abiotic drivers to interact and lead to long-term 
legacies on the landscape.  Ongoing and future climate change is happening against a 
backdrop of similar ecological changes, including recent pathogen outbreaks in a range of 
species common in eastern North America forests (Anagnostakis, 1987; Busby and 
Canham, 2011; Hessl and Pederson, 2013; Boyd et al., 2013), and the paleoecological 
record reveals that there is great potential for widespread and abrupt ecosystem changes 
as a result.  Comparative studies of paleoecology and paleoclimatology could be 
performed in a range of ecosystem and habitat types, and such a network of sites could be 
used to assess the resistance and resilience of vegetation and ecosystems across the 
Adirondacks region, and elsewhere, and contribute to the prioritization of conservation 
efforts (Graham, 1988; MacGillivray and Grime, 1995; Delcourt and Delcourt, 1998; 
Rick and Lockwood, 2012). 
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